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Summary
Collective cell migration is a widespread biological phenom-
enon, whereby groups of highly coordinated, adherent
cells move in a polarized fashion [1, 2]. This migration
mode is a hallmark of tissuemorphogenesis during develop-
ment and repair and of solid tumor dissemination [1]. In addi-
tion to circulating as solitary cells, lymphoid malignancies
can assemble into tissues as multicellular aggregates [3].
Whethermalignant lymphocytes are capable of coordinating
their motility in the context of chemokine gradients is, how-
ever, unknown. Here, we show that, upon exposure to CCL19
or CXCL12 gradients, malignant B and T lymphocytes
assemble into clusters that migrate directionally and display
a wider chemotactic sensitivity than individual cells. Phys-
ical modeling recapitulates cluster motility statistics and
shows that intracluster cell cohesion results in noise reduc-
tion and enhanced directionality. Quantitative image anal-
ysis reveals that clustermigration runs are periodically inter-
rupted by transitory rotation and random phases that favor
leader cell turnover. Additionally, internalization of CCR7
in leader cells is accompanied by protrusion retraction,
loss of polarity, and the ensuing replacement by new leader
cells. These mechanisms ensure sustained forward migra-
tion and resistance to chemorepulsion, a behavior of individ-
ual cells exposed to steep CCL19 gradients that depends on
CCR7 endocytosis. Thus, coordinated cluster dynamics
confer distinct chemotactic properties, highlighting unex-
pected features of lymphoid cell migration.Results and Discussion
Lymphoid malignancies, like solid tumors [1, 2], are character-
ized by the coexistence of solitary circulating cells and multi-
cellular aggregates in tissues [3]. This observation challenges8Co-senior author
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(G.S.), loic.dupre@inserm.fr (L.D.)the established view that leukocytesmigrate strictly as solitary
cells. However, it is also supported by recent in vivo studies
showing that T lymphocytes and neutrophils switch from
random walk to swarming-like locomotion in response to anti-
genic and inflammatory triggers [4, 5]. Whether malignant
lymphocytes adopt collective cell behaviors affecting their
migratory and chemotactic properties is unknown.
To test this possibility, the chronic lymphocytic leukemia
(CLL)-derived cell line JVM3 was chosen as an experimental
model [6]. As a result of homotypic cell-cell adhesion, JVM3
cells assembled into circular multicellular clusters, the size of
which increased uponCCL19 stimulation (Figure S1A available
online). Strikingly, when exposed to a diffusible linear gradient
of CCL19, JVM3 cell clusters moved toward the chemokine
source in a very directional manner (Figure 1A; Movie S1A).
Similar to JVM3 cells, primary CLL cells and mantle-cell-lym-
phoma-derived Granta cells migrated directionally toward
CCL19 as collective entities (Figure S1B; Movies S1B and
S1C). Likewise, Jurkat T lymphocytes displayed collective
chemotaxis in response to a CXCL12 gradient (Figure S1D;
Movie S1D). Thus, in addition to promoting directional motility
of individual lymphocytic cells, different chemokines can also
promote the locomotion of these cells as collective entities.
Next, we compared the chemotactic ability of JVM3 cell
clusters and single cells in different CCL19 gradients. We
chose a range of concentrations centered around 100 ng/ml
(w10 nM), which corresponds to the reported dissociation
constant of CCL19 for its receptor CCR7 [7] and which is close
to the estimated physiological concentration in lymph nodes
[8]. In control microslides without CCL19 or with a uniform
CCL19 concentration, both JVM3 cell clusters and individual
cells moved along random tracks (Figure 1B), with a forward
migration index (FMI) (defined as cell displacement along y
axis/track length) close to zero (Figure 1C; Movie S2A). Expo-
sure to a shallowCCL19 gradient (0–25 ng/ml) promoted direc-
tional motility only in cell clusters (Figure 1B; Movie S2A),
which moved along relatively straight paths as indicated by
high FMI values (Figure 1C). Exposure to a gradient of interme-
diate differential CCL19 concentrations (0–100 ng/ml) evoked
directional motility in both cell clusters and individual cells
(Figure 1B; Movies S1A and S2A), but the FMI values of cell
clusters were significantly higher than those of individual cells
(Figure 1C). In steeper gradients (0–500 ng/ml), cell clusters
maintained a directional and persistent motility toward the
CCL19 source. In contrast, individual cells migrated away
from that source (Figures 1B and 1C; Movies S2A and S2B),
a behavior referred to as chemorepulsion and described
for T lymphocytes and neutrophils exposed to high concentra-
tions of CXCL12 and interleukin-8 (IL-8) or formyl peptides,
respectively [9–11]. CCL19 gradient steepness rather than
absolute CCL19 concentration was critical to induce che-
morepulsion of individual JVM3 cells, because this phenom-
enon was not observed in high-concentration shallow gradi-
ents (400–500 ng/ml) of CCL19 (compare Figure S1C with
Figures 1B and 1C). The differential chemotactic response be-
tween individual cells and clusters was also observed when
Jurkat T cells were exposed to a very steep gradient (0–
1,000 ng/ml) of CXCL12 (Figures S1E and S1F; Movie S2C).
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Figure 1. Lymphoid Cell Clusters Are Highly Chemotactic and Resist Chemorepulsion
(A) Snapshot pictures showing JVM3 cells migrating as single cells or as clusters along a 0–100 ng/ml CCL19 gradient. See also Movie S1A and Figures S1A
and S1C.
(B) Migratory tracks of clusters (R20 cells) and single cells exposed to the indicated CCL19 concentrations. Red and black tracks indicate, respectively,
motion toward and away from the chemokine source. At least 29 single cells and ten clusters were recorded over 2 hr. See also Movies S2A and S2B
and Figures S1B and S1C.
(C) Forward migration index (FMI) calculated as cell (or cluster) displacement along the y axis/cell (or cluster) track length. Data are the mean 6 SD of four
independent experiments. ***p < 0.001; Student’s t test.
(D) Snapshot pictures showing the fusion (red arrow) of small cell groups (cell count in white) leading to cluster assembly and onset of directional motility.
See also Movie S1.
243Thus, as compared to individual cells, collective clusters of
lymphoid cells migrate along chemokine gradients with
elevated chemotactic prowess and display resistance tochemorepulsion. Tracking of the initial events of JVM3 cell
cluster assembly in steep CCL19 gradients (0–500 ng/ml)
showed that a minimal critical size of about 20 cells
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Figure 2. Chemokine-Gradient-Sensing and Cell-to-Cell Adhesion Properties Underlying Chemotactic Prowess of Lymphoid Cell Clusters
(A) Snapshot pictures of a cluster of JVM3 cells expressing GFP-CCR7 (green) entering and progressing along a 0–500 ng/ml gradient of Alexa Fluor
647-CCL19 (magenta). Positions of the cluster along the gradient are depicted on the right panels. The scale bar represents 10 mm.
(legend continued on next page)
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245(corresponding to a surface of approximately 4.500 mm2) was
required for the onset of cluster chemotaxis (Figure 1D; Movie
S2D).
To then gain insight into the mechanisms by which cell clus-
ters sense the chemokine gradient, we analyzed the cellular
localization of Alexa-Fluor-647-labeled CCL19 (Figure 2A). As
JVM3 cell clusters entered the gradient, CCL19 was taken up
primarily by rim cells facing the gradient. As clusters pro-
gressed along the gradient, CCL19 distributed more homoge-
neously in vesicle-like structures, suggesting that virtually all
cells were exposed to CCL19 (Figure 2A). In a sizeable fraction
of cells into the cluster core, CCL19 was isotropically distrib-
uted around the nuclei, suggesting loss of cell polarity.
Conversely, most rim cells at the cluster front accumulated
CCL19 at their rear and extended a protrusive lamellipodia
at their front, suggesting a front-to-back cell polarity, as
observed in individual cells (Figure 2B). As compared to cells
at the back of the cluster, rim cells at the front emitted longer
and more-stable actin-rich lamellipodial protrusions (Fig-
ure 2C). These cells were also significantly more elongated
than cells at the cluster core (Figure 2D). Thus, as observed
in other models of collective cell migration [12, 13], the orien-
tation of lymphoid cells within a cluster and cluster motility
are linked to a biased distribution of protrusive forces.
Next, we investigated how cell-to-cell cohesion contributes
to the intracluster topological organization of lymphocytes and
to cluster chemotaxis. JVM3 cells were connected via high-af-
finity LFA-1-mediated adhesion (Figure 2E). High affinity, but
not total LFA-1, was enriched along cell-cell contacts, whereas
it was barely detectable along the free edge of cells at the clus-
ter periphery (Figure 2F). This raises the possibility that LFA-1-
mediated cell-cell contacts act as inhibitory spatial cues to
restrict protrusive activity to the free edge of rim cells. Treat-
ment with anti-LFA-1 antibodies that neutralize integrin-medi-
ated cell-cell adhesion [14] or with RWJ 50271 that specifically
inhibits the interaction between LFA-1 and its ligand ICAM-1
[15] reduced the overall compactness and circularity (not
shown) of clusters and suppressed their directional motility
(Figure 2G). Thus, LFA-1-mediated cell-cell contacts appear
critical for the topological architecture of the cluster, the acqui-
sition of individual cell polarity, and cluster chemotaxis.
To decipher the basic properties underlying cluster chemo-
tactic prowess, we formulated a physical model that accounts
for (1) the forces acting on the cohesive cluster due to traction
forces produced by the cells and relates these forces to the
observed motion, (2) the measured parameters of cluster ve-
locity and FMI as a function of cluster size (see Supplemental
Theory Section for a detailed description of the model). In line(B) Images of GFP-CCR7-expressing JVM3 cells (green) migrating as a single c
right panels) along a 0–500 ng/ml gradient of Alexa Fluor 647-CCL19 (magenta
(C) 3D reconstruction of a GFP-actin-expressing JVM3 cell cluster exposed to
rear and ten front lamellipodial protrusions (mean 6 SD) of a representative cl
(D) Images of a GFP-CCR7-expressing JVM3 cell cluster exposed to a 0–500 n
core and rim (front or back) of the cluster are delineated (white contour line). D
pendent clusters). **p < 0.005; ***p < 0.001; Student’s t test. The scale bar rep
(E) 3D reconstructions of serial confocal sections of JVM3 cell clusters exposed
anti-high-affinity (lower panels) LFA-1 antibodies (red), phalloidin (green), and
(F) Z projection of serial confocal sections of a JVM3 cell cluster exposed to a 0
LFA-1 antibodies. In the lower panel, the perimeter of representative cells positi
bar represents 20 mm. High-affinity LFA-1 fluorescent intensity along the peri
edges. Themean6SD is indicated. **p < 0.005; ***p < 0.001; Student’s t test. The
of the core and rim cells depicted on the corresponding picture. AU, arbitrary
(G) FMI and speed of clusters exposed to a 0–500 ng/ml CCL19 gradient in the p
the mean 6 SD of four independent experiments. **p < 0.005; ***p < 0.001; Stuwith the experimental setup and observations, the model is
based on the following assumptions: (1) given the flat-disk ge-
ometry of the clusters (Figure S2A;Movie S3A), they are treated
as2Dsolidcircular objects (seealsoSupplemental TheorySec-
tion), with the outer rim cells dominating the response to the
chemokine in agreement with the analysis of protrusions; (2)
the chemokine-induced signal is considered to beproportional
to the local chemokine concentration and controlled by recep-
tor endocytosis; and (3) the cell response is assumed to be the
integrated signal over the length of exposed membrane and
converted into a protrusive force acting in the outward normal
direction to the cell membrane (Figure 3A).
By summing up the chemokine-evoked protrusive forces at
the cluster rim, we find that the total force along the chemokine
gradient increases with the cluster area: FywR
2, where R is the
cluster radius (Supplemental Theory Section). This force is
related to the cluster mean velocity up the gradient by the
effective friction coefficient of the cluster. The experimental
data (Figures 3B and S2Ci–S2Ciii) suggest that, above the pre-
viously determined critical size (>20 cells), the velocity is
largely independent of cluster size, indicating that the friction
is rather uniform over the cluster-substrate interface and
therefore increases as R2.
In addition to the chemokine-evoked forces, we considered,
as a source of noise, random traction forces. These forces can
be produced by cells either in an uncorrelated or correlated
fashion [16] and can be either uniform throughout the cluster
or confined at the rim cells (Figure 3C). The experiments (Fig-
ures 3D and S2Bi–S2Biii and Table S1) show that the velocity
variance iswell fitted by: hv2if 1/R2, which is predicted for uni-
formbut uncorrelatednoiseor for perfectly correlated rimnoise
(this latter option is however less realistic). Under these condi-
tions, random traction forces are expected to average them-
selvesout, thereby leaving larger clusters lessaffectedbynoise
(Figures S2E and S2F). Additionally, for clusters below the crit-
ical size (<20 cells) exposed to shallow chemokine gradients
(Figures S2Bi and S2Bii and Table S1), the velocity variance is
largely independent of size, which is again predicted for uni-
form correlated noise (Supplemental Theory Section). Indeed,
if we consider lamellipodia extension as a proxy for traction
forces, we observed that cells in the cluster core extend small
and short-lived GFP-actin-rich, randomly oriented protrusions
(Figure S2G; Movie S3B). To summarize, our theoretical model
predicts that the mean velocity of a cluster up a chemokine
gradient is largely independent of its size, whereas its random
motion is reduced as size increases. These two properties
are borne out by the experiments and combine to give the
observed higher FMI values of larger clusters.ell or in a cluster (cell position in cluster core or rim front is indicated on the
). The scale bars represent 10 mm.
a 0–500 ng/ml CCL19 gradient. Plots show the length and persistence of ten
uster.
g/ml CCL19 gradient. The perimeter of representative cells positioned in the
ata are the mean6 SD of circularity (long axis/short axis; n > 25 in five inde-
resents 10 mm.
to a 0–500 ng/ml CCL19 gradient and stained with antitotal (upper panel) or
DAPI (blue). The scale bar represents 20 mm.
–500 ng/ml CCL19 gradient and stained with CellMask and anti-high-affinity
oned in the core and rim of the cluster are delineated (contour line). The scale
meter of core or rim cells, distinguishing the latter contact areas from free
intensity profile of high-affinity LFA-1 intensity is shown along the perimeter
units.
resence of the LFA-1 inhibitor RWJ50271 or anti-LFA-1 antibodies. Data are
dent’s t test.
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Figure 3. Computational Modeling of Lymphoid Cell Cluster Chemotaxis and Analysis of Coordination Phases
(A) Scheme of a circular 2D cell cluster with chemokine-induced protrusive forces in rim cells (black arrows) that point radially outward and are proportional
to the local chemokine concentration.
(B) Cluster velocities measured in the indicated CCL19 gradients as a function of cluster area. The horizontal dashed line indicates the mean velocity. See
also Figures S2Ci–S2Ciii.
(C) Scheme of the random traction forces produced by the cells (black arrows), which may be either confined to the rim or uniform and either correlated or
uncorrelated.
(legend continued on next page)
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247To further explore the level of cellular movement coordina-
tion that may account for the chemotactic prowess of
lymphoid cell clusters, intracluster cell dynamics were
analyzed. To this end, we detected the 3D position of each
JVM3 cell nuclei by spinning-disk confocal microscopy. Nuclei
were segmented and then tracked automatically in 3D
(description of the algorithm in the Supplemental Quantitative
Image Analysis Section). Individual nuclei direction vectors
were calculated from consecutive positions to represent the
relative movements of individual cells composing a motile
cluster. In agreement with our assumption that clusters are
solid objects composed of a cohesive assembly of cells,
most nuclei direction vectors were aligned with each other
and with the cluster center-of-mass direction vector. In addi-
tion, cells of clusters undergoing directional motility displayed
comparable speeds (Figure 3F, left panels; Movie S3C). How-
ever, alternative situations were also observed, in which the
orientation of the direction vector of individual cells was
tangential to the cluster rim (Figure 3F, central panels; Movie
S3C) or was randomly directed (Figure 3F, right panels; Movie
S3C). To more precisely assess the periodicity by which the
distinct coordination phases alternate in clusters over time,
we measured, for each time point, group polarization and
angular momentum (refer to Supplemental Quantitative Image
Analysis Section for definitions). These parameters were previ-
ously used in a computational model of fish school dynamics
to account for the transition between coordination states [17,
18] reminiscent of the ones observed here. This analysis re-
vealed that lymphocyte cluster motility is defined as a tempo-
ral alternation of straight runs (high group polarization and low
angular momentum), rotation phases (low group polarization
and high angular momentum), and random phases (low group
polarization and low angular momentum; Figures 3G–3J).
Whereas random phases were predominant in the absence
of chemokine gradient, a marked increase in running phase
frequency was measured in clusters exposed to a CCL19
gradient (Figures S3A and S3B). This observation was rein-
forced by calculating the duration of each of these phases in
different clusters exposed or not to a chemokine gradient
(Figure S3C). Furthermore, parallel analysis of instantaneous
cluster speed showed that the highest speeds were associ-
ated to the run phases (Figures 3G and 3H) and to the CCL19
gradient condition (Figure S3B). Collectively, these results
indicate that the steep CCL19 gradient significantly increased
the frequency and duration of the running phases [18]. To
explore individual cell behavior during the rotational phase,
we plotted the radius versus speed magnitude. A linear rela-
tionship exists between these two parameters, confirming
that clusters behave as relatively solid objects during rotation
(Figure S3D). In conclusion, our bioinformatics-assisted
reconstruction of cell dynamics in migrating clusters identifies
a highly coordinated and complex motility pattern. Impor-
tantly, rotation phases were accompanied by a permutation
of the cells positioned at the front of the cluster. The use of(D) Velocity variance of clusters exposed to a 0–500 ng/ml CCL19 gradient, as
forces beloww20 cell sizes. Red lines: the fit for noise that is always uncorrel
(E) The measured FMI for the same data set as in (D), compared to the model
(F) Snapshots showing examples of the running, rotation, and random phases
gradient. Thin color-coded arrows indicate individual nuclei directions over 20
whereas the green arrow indicates the cluster direction. The length of the large
(G and H) Variations of group polarization, angular momentum, and cluster spe
the phase status of the cluster at the given time points (red, running; blue, rota
(I) 2D feature space of group polarization and angular momentum, showing runn
JVM3 cells exposed to a 0–500 ng/ml gradient of CCL19.mixed cell populations stained with different fluorescent
dyes allowed to visualize cluster rotation directly, revealing
that leader cells extending protrusions frequently moved side-
ways to be replaced by follower or adjacent cells. Indeed, cells
remained as leaders for a duration ranging between 8 and
15 min (Figure S3E; Movies S3A, S3D, and S3E).
We hypothesized that the observed cell permutations and
cluster rotation phases might be related to an asynchronous
mechanism of CCL19-induced removal of surface CCR7 in
the different cells composing a cluster. We first analyzed
the levels of cell-surface CCR7 using a ratiometric approach
based on the ratio of cell-surface GFP-CCR7 (expressed sta-
bly in cells) with respect to CellMask, a vital fluorescent lipid
dye that is uniformly incorporated into membranes (Fig-
ure S4A). The change in this ratio is expected to depend
primarily on the rate of internalization and recycling of the
chemokine receptor, as reported recently with a similar
approach [19]. The mean CCR7/CellMask ratio of clustered
cells, measured within a region of interest corresponding to
the cell surface, was reduced as a result of chemokine expo-
sure (Figure S4B). Notably, however, CCR7 surface levels
were dynamically fluctuating and differentially distributed in
individual cells within a cluster moving along a chemokine
gradient (Figures 4A–4C). Reduction of cell-surface CCR7 in
leader cells correlated with the loss of leader position due
either to rotation of the whole cluster (Figure 4C, insets) or
centripetal movement of the cell within the cluster core,
accompanied by protrusion retraction and loss of polarity
(Figure S4C). Conversely, a gradual increase in CCR7/Cell-
Mask ratio was observed for cells moving from the cluster
core to the front rim, in a process that was frequently accom-
panied by extension of polarized and persistent protrusions
oriented along the gradient direction (Figure S4D). These re-
sults suggest that intracluster cell sorting is linked to dy-
namic changes of cell surface levels of CCR7, presumably
triggered by endo/exocytic cycles, in a process that ensures
replenishment of leader cells with high levels of cell-surface
CCR7.
In a second approach, we tested whether inhibition of endo-
cytosis affects the motility of both individual cells and clusters
at high CCL19 concentration. To this end, we interfered with
the endocytic process either pharmacologically using dyna-
sore, an inhibitor of the pinchase activity of dynamin [20], a
large guanosine triphosphatase involved in nearly all endo-
cytic events [21], or by RNAi-mediated knockdowns of key
endocytic molecules, including dynamin-2 and clathrin. The
efficacy of the knockdowns and the functional impairment
of endocytosis were verified by immunoblotting and by
measuring the internalization of CCR7 (Figure 4D). The speci-
ficity of the small interfering RNA (siRNA) and the lack of
spurious effects have been previously shown [22]. Importantly,
as reported earlier [23], stimulation with CCL19, but not
with CCL21 (another ligand for CCR7), promoted the rapid
internalization of CCR7, which was instead robustly impaireda function of cluster area. Green line: the fit using a crossover to correlated
ated. See also Figures S2Bi–S2Biii.
calculations that use the fits shown in (D).
of a representative JVM3 cell cluster migrating along a 0–500 ng/ml CCL19
s intervals. The large yellow arrow indicates the mean direction of the nuclei
green arrow indicates the value of group polarization. See also Movie S3C.
ed over time. The color-coded bar at the bottom of the speed plot indicates
tion; green, random).
ing, rotation, and random coordination phases of a representative cluster of
A B
C
D
E
F
Figure 4. Endocytic-Dependent Dynamic Changes of Cell-Surface CCR7 Are Coupled to Intracluster Cell Turnover and Required to Overcome
Chemorepulsion
(A) Confocal sections of GFP-CCR7 (green)-expressing JVM3 cell clusters stained with CellMask (magenta) and exposed to the indicated CCL19 concen-
trations. Right panels are heatmaps of the GFP-CCR7/CellMask ratio. The scale bar represents 10 mm.
(legend continued on next page)
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249by pharmacological or molecular genetic interference with
either dynamin-2 or clathrin. Under conditions of blockade of
dynamin-2- and clathrin-dependent endocytosis, whereas
cluster cell motility parameters were only marginally affected,
individual cells switched from chemorepulsion to chemoat-
traction, without significant alteration of cell speed, when
exposed to high doses of CCL19 (Figures 4E and 4F; Movies
S4A and S4B). In keeping with the requirement of endocytic
internalization for this process, we observed no chemorepul-
sion of single cells exposed to CCL21 (Figures S4E and S4F;
Movie S4C).
In summary, in this study, (1) we demonstrate that lympho-
cytic cells such as malignant B and T cells can simultaneously
adopt collective and single-cell modes of chemotactic migra-
tion. Interestingly, individual cells, but not clusters, undergo
chemorepulsion when exposed to high doses of chemokine,
similarly to what reported for neutrophils, in response to
either IL-8 [10] or formyl peptide [11] or T cells in response
to SDF-1 [9]. (2) We reveal the mechanisms through which col-
lective organization confers distinct chemotactic sensitivity.
In particular, the elaboration of a force-based model indicates
how the combined action of chemokine-evoked and random
forces determines cluster speed and directional migration.
(3) We show that collective entities of lymphoid cells are
held together through adhesive receptors that, like in other
collective migratory systems, such as neural crest in Xenopus
[12, 13], are critical to establish the differential polarity of indi-
vidual cells within the cluster and for collective directional
migration. Our data suggest that the LFA-1 integrin mediating
homotypic adhesion of lymphocytes might modulate a spe-
cific set of signaling leading to impairment, at contact sites,
of actin-based protrusions that are, instead, free to extend
along the free edge of cells at the rim of the cluster. (4) Our
automated tracking approach reveals further complex cluster
dynamics characterized by an alternation of running, rotation,
and random phases. We propose that such level of cell coor-
dination favors intracluster cell turnover to bypass internaliza-
tion-dependent inhibition of individual cell chemotaxis.
Consistently, we describe how leader cells at the rim facing
the chemotactic gradient are exchanged in relation with their
fluctuating levels of surface CCR7. Overall, our study reveals
that lymphocytes can coordinate their motility to gain distinct
chemotactic ability. This novel concept may prove relevant to
the tissue homing and dissemination of both normal and ma-
lignant lymphocytes.
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